Purpose The aim of this study was to explore the influence of a half-course tourniquet strategy on the peri-operative blood loss and early functional recovery in primary total knee arthroplasty. Methods A prospective clinical randomised controlled study was carried out in which 64 patients were equally divided into two groups: half-course group and whole-course group. A series of indicators were observed and recorded. These included operation time, peri-operative blood loss, visual analogue scale (VAS) score of the thigh or knee, limb swelling index, rehabilitation progress and occurrence of deep venous thrombosis cases. Results There was no significant difference in operation time between the two groups. The intra-operative blood loss was slightly more in the half-course group, while the difference was not significant. The post-operative blood loss and calculated blood loss were less in the half-course group and the difference was significant. The thigh VAS score, limb swelling and time intervals required for patients to achieve straight leg raises and 90°of knee flexion in the half-course group were better than in the whole-course group. No case of symptomatic deep venous thrombosis happened in this study, while occult incidence of deep venous thrombosis happened in both groups, but no significant difference between the groups was confirmed.
The pneumatic tourniquet is widely used in total knee arthroplasty (TKA) because surgeons enjoy the bloodless surgical field. However, it has been reported that tourniquet application may lead to some undesirable complications, such as aggravation of post-operative pain, delay of functional recovery and increased incidence of deep venous thrombosis (DVT), etc. [1] [2] [3] [4] [5] [6] [7] . Some surgeons even believe that a tourniquet would increase the total peri-operative blood loss [8, 9] . We hypothesised that the half-course pneumatic tourniquet strategy may possess advantages and minimise the disadvantages of tourniquet application in primary TKA. Therefore, we conducted a prospective randomised clinical trial to explore the clinical significance of the half-course pneumatic tourniquet strategy in primary TKA.
Patients
A total of 64 patients who met the inclusion and exclusion standards were recruited. The inclusion criteria included osteoarthritis or rheumatic arthritis and primary unilateral TKA. The exclusion criteria included diabetes mellitus, haemorrhagic haematologic diseases, haemoglobin (Hb) <100 g/L, peripheral nerve or vascular diseases, malignant tumour, history of vascular thrombosis and local or systemic infectious diseases. The patients were randomly allocated to either the half-course tourniquet group or the whole-course tourniquet group immediately before the surgery by opening a sealed envelope. There were 32 patients in both of the two groups.
Operative techniques and procedures
The tourniquet pressure was equal to systolic blood pressure plus 100 mmHg. In the half-course group, the tourniquet was inflated from osteotomy until the leg was wrapped with elastic bandages. In the whole-course group, the tourniquet was inflated from incision until the leg was wrapped with elastic bandages. All surgical procedures were performed by the same group of surgeons under general anaesthesia. The medial parapatellar approach was used, while an intramedullary guide was used for both tibial and femoral osteotomies. The posterior stabilised cemented prosthesis (NexGen, Zimmer, Warsaw, IN, USA) was implanted, and surface repair of the patella rather than patella replacement was performed in the operation. No blood reinfusion system was used in the operation.
A wound drainage system was used and removed at 48 hours after surgery. Oral rivaroxaban was started 12 hours after surgery, 10 mg once daily. The affected limb was raised higher than the heart level and initiation of functional exercise was encouraged. A continuous passive motion (CPM) device was used for passive motion training two days after surgery.
Outcome measurements
The intra-operative blood loss (IBL) was calculated by measuring the suction volume and weighing the sponges. The post-operative blood loss (PBL) was calculated by measuring the drainage volume and weighing the dressings. Hb and haematocrit (Hct) levels were recorded. The criterion for a blood transfusion was an Hb level less than 8.5 g/dl measured at the 24th post-operative hour, and the number of patients undergoing transfusion was recorded. Considering the measurement inaccuracy of dressing bleeding volume, Gross's method was employed to get the calculated blood loss (CBL) volume which could reflect the total blood loss perfectly [11] . The post-operative pain of knee and thigh were evaluated by a visual analogue scale (VAS) scoring system. The swelling rate of the thigh was calculated by measuring the thigh circumference 8 cm proximal to the patella. The time needed to achieve straight leg raises and 90°of knee flexion was recorded. We paid special attention to whether symptomatic pulmonary embolism (PE) or DVT happened. Occult DVT was detected by a regular bilateral lower extremity deep venous colour Doppler ultrasound examination.
Statistical analysis
The values in the text are given as the mean and the standard deviation. The level of significance was set at p <0.05. Data were compared using the t test for normally distributed parameters and the chi-square test for proportional data.
Results
The statistical analysis showed no significant difference with respect to gender, age, height, weight and body mass index (BMI) between the two groups ( Table 1 ). The inflation time of the tourniquet in the half-course group was much shorter than in the whole-course group. There was no significant difference in operation time between the two groups.
Blood loss
There was no significant difference confirmed between the two groups in pre-operative Hb (Hb pre.) and Hct (Hct pre.) levels, and in the case of post-operative Hb (Hb post.) and Hct (Hct post.) levels was similar. However, the difference was significant when comparing the pre-operative and post-operative values in both of the two groups. The IBL was slightly more in the half-course group, while the difference was not significant. The PBL and CBL were less in the half-course group and the difference was significant. However, the difference between transfusion cases was not significant (Table 2) .
Pain, swelling and knee function
Patients' pain experience decreased day by day after the surgery. The difference was significant in VAS score of the thigh between the two groups at one and three days, while the difference was confirmed as not significant at day seven. The VAS score of the knee in the half-course group was lower than in the whole-course group at the three time points, while no significant difference was confirmed. The swelling of the thigh peaked at day three, and then reduced day by day. The swelling rate was always lower in the half-course group than in the whole-course group, while a difference was confirmed at day three. The patients in the half-course group achieved straight leg raises and 90°of knee flexion earlier than those in the whole-course group, while the difference of achieving 90°o f knee flexion was significant between the two groups ( Table 3) .
Incidence of DVT
No patient suffered from symptomatic PE or DVT in this study. However, occult DVT happened in both of the two groups (12 cases in the half-course group and 17 cases in the whole-course group), but no significant difference between the groups was confirmed.
Discussion
It needs to be emphasised that total blood loss includes the visible blood loss and the hidden blood loss in the operation [12, 13] . Considering the blood loss measurement, it is the CBL rather than the total blood loss that can represent the actual blood loss in TKA [11, 12] . Lots of studies claimed that the CBL was significantly increased without the use of a tourniquet in TKA [1] [2] [3] [4] . It was also reported that a tourniquet could reduce bleeding during TKA surgery, but was associated with greater visible and hidden blood loss, while there was no significant difference in the CBL between the two groups [14, 15] . What is more, as the tourniquet may increase the hidden blood loss, the CBL was actually higher in the tourniquet group [8, 9] . Therefore, it remains controversial whether tourniquet application could reduce the total blood loss in TKA. In addition, some scientists believed that deflating the tourniquet during the operation for haemostasis might decrease the hidden blood loss and total blood loss in TKA, but lots of clinical trials proved that it was proper to release the tourniquet as the bandages were being applied, while tourniquet release for haemostasis was not an effective strategy in reducing blood loss or transfusion need in TKA [16] [17] [18] [19] [20] [21] [22] [23] .
Our study demonstrated that the half-course tourniquet strategy did not significantly increase the IBL. What is more, it could reduce the PBL and CBL in TKA. According to our experience, it is convenient for surgical haemostasis because the anatomical structure is clear in primary TKA surgery. So, the blood loss would not be very large even without a tourniquet. Conversely, bleeding vessels, a cause of IBL and PBL, might be missed when the tourniquet was inflated during TKA surgery. In addition, the damage to skin and muscle caused by long-term application of a tourniquet may influence the venous and lymphatic drainage, and it was also a cause of PBL.
The ischaemia caused by tourniquet application in TKA surgery was proved to be a human clinical model of ischaemia/reperfusion [24] . It was found that the level of malondialdehyde (MDA), inducible nitric oxide synthase (iNOS) and NO metabolites nitrate in the muscle increased when a tourniquet was used in TKA [24] [25] [26] [27] . Biopsy showed dissolved quadriceps and massive neutrophil infiltration in patients undergoing TKA surgery with a tourniquet [28] . Therefore, it is reasonable to speculate that post-operative limb pain and limb swelling might be aggravated by the inflammatory reactions caused by the ischaemia/reperfusion injury in TKA. In fact, the use of a tourniquet was related to more post-operative pain in the early stage in TKA [1, 4, 5] . And what remains controversial is whether early tourniquet release could reduce the post-operative limb pain in TKA [3, 21, 23, 29] . Short-term better flexion or extension performance in patients undergoing TKA without a tourniquet has been reported in several studies, but no significant difference was confirmed for the long-term performance [3, 9, 29, 30] . Our study showed that the limb pain and limb swelling index were better in the half-course group, and they achieved straight leg raises and 90°of knee flexion earlier than the whole-course group. However, these differences became insignificant seven days after surgery. It was demonstrated that the half-course tourniquet strategy was beneficial in helping patients to achieve earlier functional recovery by improving the pain experience and post-operative limb swelling. Transoesophageal echocardiography examination revealed that embolic showers traversing the right atrium, the right ventricle and the pulmonary artery once the tourniquet deflated during TKA surgery were observed to various degrees in all patients and lasted three to 15 minutes [31] . It was suggested that acute PE should be considered as a diagnosis when haemodynamic collapse happened during TKA. Several trails indicated that tourniquet application would promote the risk of developing post-operative PE and/or DVT after TKA [5] [6] [7] . Furthermore, there are also studies claiming that the incidence of DVT after TKA is considerably high with or without the application of a tourniquet [30, 32, 33] . What is more, the research by Hernandez et al. proved that surgery time rather than tourniquet time was the main cause leading to DVT and that surgery lasting longer than 120 minutes increased the risk of DVT in TKA [34] . Anyhow, anticoagulant therapy and early ultrasound examination will make sense in prevention of post-operative DVT and pulmonary thromboembolism in TKA [35] [36] [37] [38] . All patients received rivaroxaban administration after the TKA surgery, while no cases of symptomatic PE or DVT happened in our study. There was no significant difference in the incidence of occult DVT confirmed between the two groups, which indicated that the tourniquet time was not the key factor leading to DVT, and the rivaroxaban medication was helpful.
We concluded that the half-course tourniquet strategy could decrease the total peri-operative blood loss in primary TKA. It was beneficial in helping patients to achieve earlier functional recovery by improving the pain experience and limb swelling early in the post-operative period. Our new strategy did not increase the incidence of occult DVT, and the rivaroxaban administration was helpful.
